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Autonomous Underwater Vehicles (AUVs) and Remotely Operated Vehicles (ROVs) are 
used for a wide variety of missions such as exploration and scientific research. One key challenge 
for these autonomous vehicles is the creation of a reliable motion prediction. Kinematic Extended 
Kalman Filters (EKF) have been applied for AUV motion prediction in the context of 
Simultaneous Localization and Mapping (SLAM) [1]. It has been suggested that a dynamics based 
EKF would produce more accurate predictions as it considers forces acting on the AUV. Presented 
in this thesis is an motion prediction EKF for AUVs using a simplified dynamic model. First, the 
dynamic model is presented and then the simplification process is shown. The filter was 
implemented with a simulator vehicle in an open-source marine vehicle simulator called UUV 
Simulator and the results were tested against those obtained through dead reckoning. Results show 
good predictions, although there are improvements needed before the EKF could be used on 
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CHAPTER 1: INTRODUCTION 
 
1.1. OVERVIEW ON UNDERWATER ROBOTICS 
Underwater exploration and engineering have been a significant part of human economy 
since the advent of submarines. The oceans contain resources crucial to the modern world, such as 
oil. However, according to the National Oceanic and Atmospheric Administration (NOAA) as 
much as 80% of the ocean remained unexplored [2]. Underwater vehicles are currently used to 
chart and collect data for this purpose. 
Similarly, modern scientific advancement in fields such as marine biology [3] and geology 
[4] rely on submarines to conduct observations and test predictions. The results of these studies 
would not only help expand knowledge but also aid in solving great challenges such as 
anthropogenic climate change. In the field of history, submarines have been used to explore 
shipwrecks—such as the Titanic—and sunken archeological sites [5]. 
Beyond the applications described previously, there are many potential uses for underwater 
vehicles in the future. Large liquid bodies have been found outside Earth, most notably in Titan, 
one of the moons of Saturn [6] in which the largest of the hydrocarbon lakes rivals the size of 
Terrestrial lakes. While there is no currently publicized mission to explore them, it is possible that 
in the future space agencies may be interested in sending robotic submarines to land, dive, and 
conduct experiments on these bodies. 
Modern computers have enabled the development of unmanned underwater vehicles 
(UUVs). These come in the form of Remotely-Operated Vehicles (ROVs) and Autonomous 
Underwater Vehicles (AUVs), the first being operated by one or more personnel externally—often 
using teleoperation, and the latter being vehicles that can do tasks with limited or no human input. 
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These vehicles have been employed in various missions described previously. Regardless of their 
mission, these robotic submarines have allowed people to perform tasks without putting the lives 
of humans at risk [7]. 
 
1.2. CONTEXT OF THIS RESEARCH 
A crucial component in the functioning of autonomous vehicles is its ability to navigate 
without human input. One avenue of research being pursued currently is enabling Simultaneous 
Localization and Mapping (SLAM) for underwater vehicles [1]. This would allow AUVs to 
explore unknown environments with little human input. A key aspect of SLAM is the prediction 
of vehicle motion, which could be done using either kinematic or dynamic vehicle models. 
Romagos has developed a method which incorporates a kinematic model to an Extended Kalman 
Filter (EKF) for this purpose and he has suggested that a dynamic model may yield better motion 
prediction [1]. 
The purpose of this thesis is to present an EKF that incorporates a dynamic model of an 
underwater vehicle with reduced degrees of freedom (DoF). The reason that a simplified dynamic 
model was chosen is that it has been observed for vehicles such as the one to be used in this 
research, that there are several DoF that are unused and due to the configuration of the vehicles, 
some dynamic terms may be omitted. First, the model, based on the work of Fossen [8], which has 
been observed to be the de facto standard used in marine vehicle modelling [9][10][11][12], is laid 
out, then applied to a particular vehicle before being applied to EKF and run in a computer 
simulation. 
The works cited above use a 6 DoF dynamic model for their application, although Berg 
noted that the ROV effectively has 4 DoF [10]. This research aims to investigate the feasibility of 
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4 DoF model for motion prediction by incorporating it into an EKF. It is hoped that eliminating 2 
DoF and their associated equations may reduce computing demands and enable it to be 
implemented on operational systems. 
A Robotic Operating System (ROS) Gazebo-based open-source marine vehicle simulator 
was used in this research. The simulator incorporates the dynamic model by Fossen [12] with 
vehicle model based on parameters derived from the works by Berg [10]. Fossen’s and Berg’s 
works are extensively cited here for this reason. In addition, several assumptions and parameters 
from Berg were used to inform the mission design and assumptions made for the dynamic model 
presented here. 
 
1.3. THESIS ORGANIZATION 
This thesis is organized to “zoom-in” from the broad, system-level view to the details about 
dynamic EKF implementation on the AUV before going back to the potential applications at both 
vehicle-level and system-level. The introduction section presents an overview of the AUV/ROV 
industry, how the vehicles are used and how they could be used in the future, as well as 
demonstrating where this research applies. 
Chapter 2 is dedicated to explaining the theories applied in the research.  The equations are 
presented in the generic form. However, it is important to note that due to the complexity and 
length of certain dynamic equations, simplifications were made based on the vehicle design. The 
references by Fossen, specifically his Handbook of Marine Craft and Hydrodynamics [13], provide 




Chapter 3 provides an explanation of the implementation of the dynamic model to the EKF 
and the EKF to the simulation. Also presented is an overview of the simulation software and the 
test track that was used. 
The results from the simulation are presented in Chapter 4. The results are analyzed for 
strengths and weaknesses and the EKF results are compared to those obtained through dead 
reckoning. Also presented is a preliminary result from a simple Unscented Kalman Filter to show 
a potential expansion of this work, although the implementation of the Unscented Kalman Filter 
using the dynamic model presented here is beyond the scope of this thesis. 
Lastly, the conclusion is written in Chapter 5. Future work that has been considered but not 
yet started, such as application of this research for station-keeping and improved SONAR-based 




CHAPTER 2: DYNAMIC MODEL, KALMAN FILTER, AND THE SUBMARINE 
 
2.1. THE REXROV AUV 
This research was done using UUV Simulator (UUVSim), an open-source robotics 
simulator based on Robotic Operating System (ROS) Gazebo that was modified for marine vehicle 
engineering [12]. The details of this package will be discussed in Section 3.1. The UUVSim 
package comes with several underwater vehicles. The one chosen for this research was called 
RexROV, shown below in Figure 1. This section gives a broad overview of the vehicle and its 
features that are relevant to the dynamic model and EKF. Chapter 3 will elaborate on the 
implementation of the models and theories from this chapter to the RexROV vehicle. 
 




The specifications for the RexROV are shown below in Table 1 and can be found from the 
UUVSim website [12]. 
Table 1: RexROV Parameters 
Parameter Value 
Length (x-axis) 2.6 m 
Width (y-axis) 1.5 m 
Height (z-axis) 1.6 m 
Mass 1,863 kg 
Volume 1.838 m3 
Center of Buoyancy w.r.t. Center of Gravity [0, 0, 0.3]T 
Ixx 525.39 kg/m2 
Iyy 794.2 kg/m2 
Izz 691.23 kg/m2 
Ixy 1.44 kg/m2 
Ixz 33.41 kg/m2 
Iyz 2.6 kg/m2 
Number of Thrusters 8 
Thruster Type Ducted fan, non-gimballed (fixed) 
Sensors Available 
Camera, DVL (Doppler Velocity Log), GPS 
(Global Positioning System) receiver, IMU 
(Inertial Measurement Unit), Pressure Sensor, 
SONAR (Sound Navigation Ranging) 
Other Equipment Robot arm (not installed) 
 
For maneuvering, the submarine is equipped with eight thrusters; four lateral and four 
vertical. The vertical thrusters can be seen above in Figure 1, while the lateral thrusters can be seen 
in Figure 2 below. These four lateral thrusters positioned around the mid-section of the submarine 
can be activated and controlled independently to move the submarine along its body x- and y-axes 
as well as rotate it about the z-axis. 
Unlike other submarines that use a ballast system to control movement along z-axis, the 
RexROV relies on its vertical thrusters, positioned at the top body of the submarine, in order to 




Figure 2: Lateral Thrusters of the RexROV Submarine 
The submarine can be controlled manually through teleoperation or be programmed to 
navigate autonomously [12]. For teleoperation, the UUVSim package came with a code that 
enables the vehicle to be controlled via an XBOX 360 joystick. This method of control has been 
used in the research for tasks such as obtaining sample sensor readings or vehicle parameters like 
thrust values.  Other uses included getting acquainted with the submarine configuration. However, 
for the navigation tasks provided in Chapter 4, the submarine was programmed to guide itself to 






2.2. DYNAMICS OF UNDERWATER VEHICLES 
Underwater vehicle dynamics can be broken down into five categories: Kinetics, 
hydrodynamics, hydrostatics, actuator forces, and disturbances. In this section, each category is 
elaborated before being applied to the RexROV in the next chapter. 
The 6 Degrees-of-Freedom (DoF) dynamics of an underwater vehicle can be represented 
in the following two vector equations [8]: 
?̇? = 𝑱(𝜼)𝒗 (1) 
𝑴?̇? + 𝑪(𝒗)𝒗 + 𝑫(𝒗)𝒗 + 𝒈(𝜼) + 𝒈𝟎 = 𝝉 + 𝝉𝒘𝒊𝒏𝒅 + 𝝉𝒘𝒂𝒗𝒆 (2) 
Where η is the vehicle position and pose, v is the vehicle velocity, J is a transformation 
matrix between the two coordinate systems used (explained in the next subsection), M is a matrix 
representing the effect of inertia on the vehicle, C(v) is a matrix for the Coriolis forces, D(v) is a 
matrix describing damping effects on the vehicle, g(η) is a vector representing buoyancy force, g0 
is the vehicle weight, τ is the control force exerted by the actuators, τwind is the effect of wind on 
the vehicle, and τwave is the effect of water waves on the vehicle. These dynamic effects are laid 
out in the subsequent subsections and simplifications are made to obtain the final dynamic model. 
Numerous coefficients and terms are used in the dynamic model. For the reader’s 
convenience, Table 2 on the next page presents the list of the symbols used and their meanings. 
Some of the values for each of them will be shown in the relevant sections or in the Appendix. The 
coordinate convention is presented in the following section on coordinate transformation. For this 






Table 2: List of Parameter and Coefficient Symbols 
Coefficient Explanation 
m Mass of the vehicle 
W Weight of the vehicle 
B Buoyancy force 
g Gravitational acceleration constant 
ρ Density of water 
I Moment of inertia (about an axis) 
lx, ly, lz Moment arm of thrusters from center of gravity 
Xu̇, Yv̇, Zẇ  Mass increase due to translational movements in water in x, y, and z axes 
respectively 
Kṗ, Mq̇, Nṙ  Inertia increase due to rotational movements in water about x, y, and z 
axes respectively 
Xu, Yv, Zw  Linear damping coefficients for translational movements in x, y, and z 
axes respectively 
Xu|u|, Yv|v|, Zw|w|  Quadratic damping coefficients for translational movements in x, y, and z 
axes respectively 
Kp, Mq, Nr  Linear damping coefficients for rotational movements about x, y, and z 
axes respectively 
Kp|p|, Mq|q|, Nr|r|  Quadratic damping coefficients for rotational movements about x, y, and z 
axes respectively 
 
2.2.1. Coordinate System and Transformations 
For the simulations run in this research, there are two bodies present: the world and the 
vehicle. Each has their own coordinate system: An Earth-fixed frame called North-East-Down 
(NED) and a vehicle-fixed frame called BODY [9] [10] [13]. 
The NED acronym refers to the positive axis directions [13]. In this case, ‘Down’ refers to 
the direction of the center of the Earth. The BODY frame is based on the Society of Naval 
Architects and Marine Engineers (SNAME) 1950 convention [13] and is detailed below in Table 
3. The BODY axes directions are similar to NED: x-axis points forward, y-axis points to starboard 
(right side when facing front), and z-axis points downwards. It can be seen overlaid on a RexROV 




Table 3: 1950 SNAME Notation Convention for Marine Vehicles 
Term Position/Euler Angle Velocity Forces and Moments 
Surge x u X 
Sway y v Y 
Heave z w Z 
Roll φ p K 
Pitch θ q M 
Yaw ψ r N 
 
 
Figure 3: BODY Axis Convention for RexROV 
Typically, the NED frame is used for the vehicle position, orientation, and environment-
related dynamic effects such as buoyancy and weight [9], whereas the BODY frame is used to 
describe both its linear and angular velocities [10]. 
There are also three important reference points in the submarine body: the Center of 
Origin (CO), Center of Buoyancy (CB), and Center of Gravity (CG). CO denotes the origin of 
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the BODY frame, while the CB is the point from where the buoyancy forces act and likewise the 
CG is the point where the weight of the vehicle acts. It is possible that all three points coincide; 
in the case of RexROV, the CO and CG coincides, but the CB is offset by 0.3 m along the z-axis, 
as noted in Table 2 in Section 2.1. Both CB and CG are crucial in the discussion of hydrostatics 
in Subsection 2.2.4. 
As the states mentioned above are crucial to the dynamic model, transformation between 
the two coordinate systems is necessary. Revisiting equation (1) above, the transformation from 




𝒃  (3) 










𝐧(𝚯) are the following 3 x 3 rotation matrices for linear and angular 
velocities respectively with the following condition [10]: 
𝑹𝒃
𝒏(𝜣) = [
𝑐𝜓𝑐𝜃 −𝑠𝜓𝑐𝜙 + 𝑐𝜓𝑠𝜃𝑠𝜙 𝑠𝜓𝑠𝜙 + 𝑐𝜓𝑐𝜙𝑠𝜃










] , 𝑐𝜃 ≠ 0 → 𝜃 ≠ 90°  (6) 
For simplicity of writing, cosine, sine, and tangent of angle A has been shown as cA, sA, 







2.2.2. Rigid Body Vehicle Kinetics 
An important assumption made in the simulation is that the vehicle is assumed to be a rigid 
body. As the vehicle is not expected to deform at the operating depth (around 20 m for this 
research), the assumption seems to be valid. The rigid body kinetics may be expressed using the 
following equation [13]: 
𝝉𝑹𝑩 = 𝑴𝑹𝑩?̇? + 𝑪𝑹𝑩(𝒗)𝒗 (7) 
Where τRB represents the rigid body effects, which consist of inertial and Coriolis effects 
represented by MRB and CRB(v) respectively. The vector v represents the vehicle linear and angular 
velocities. For a 6 DoF model, in which the vehicle center of origin and center of gravity coincide, 
the MRB may be represented as the following [9], and the values for mass and moments of inertia 








𝑚 0 0 0 0 0
0 𝑚 0 0 0 0
0 0 𝑚 0 0 0
0 0 0 𝐼𝑥𝑥 𝐼𝑥𝑦 𝐼𝑥𝑧
0 0 0 𝐼𝑥𝑦 𝐼𝑦𝑦 𝐼𝑦𝑧







The Coriolis Effect arises from the rotation of the environment in which the AUV is 
operating, namely Earth [9], and is represented with the following matrix: 







𝐛 is the position of the CG with respect to the Center of Origin, which in this case is [0, 
0, 0]T as they coincide. This also results in a null 3x3 skew-symmetric matrix for the CG vector 
𝐒(𝐫𝐠
𝐛). The vector v2 is the vessel velocity vector, Ib is the moment of inertia matrix, and S represent 
their skew-symmetric matrix. 
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Aiki and Ekelund showed that multiplying the rigid body Coriolis matrix above with the 
























Hydrodynamic forces include: Hydrodynamic drag (or damping), Coriolis-centripetal 
effects, and inertia effects. They can be represented as follows [13]: 
𝝉𝒉𝒚𝒅𝒓𝒐𝒅𝒚𝒏𝒂𝒎𝒊𝒄𝒔 = −𝑴𝐀?̇? − 𝑪𝑨(𝒗)𝒗 − 𝑫(𝒗)𝒗 (11) 








𝑋?̇? 0 0 0 0 0
0 𝑌?̇? 0 0 0 0
0 0 𝑍?̇? 0 0 0
0 0 0 𝐾?̇? 0 0
0 0 0 0 𝑀?̇? 0







These parameters represent the increase of mass and inertia due to translation and rotation 
of the vehicles. They are internal to the submarine itself and can be found in the works of Berg 
[10]. For this work, their values were coded into the UUVSim software. The matrix presented is a 
simplification based on the vehicle moving at low speeds from the full matrix presented in Fossen 
Equation 6.38 [13]. The low speed assumption was made based on simulator testing; it was found 
that the submarine could attain a maximum speed of around 1 m/s on all three axes. The same 
simplification can be applied to the Coriolis-centripetal effect matrix CA(v) from Fossen Equation 











0 0 0 0 −𝑍?̇?𝑤 𝑌?̇?𝑣
0 0 0 𝑍?̇?𝑤 0 −𝑋?̇?𝑢
0 0 0 −𝑌?̇?𝑣 𝑋?̇?𝑢 0
0 −𝑍?̇?𝑤 𝑌?̇?𝑣 0 −𝑁?̇?𝑟 𝑀?̇?𝑞
𝑍?̇?𝑤 0 −𝑋?̇?𝑢 𝑁?̇?𝑟 0 −𝐾?̇?𝑝




















(𝑌?̇? − 𝑍?̇?)𝑣𝑤 + (𝑀?̇? − 𝑁?̇?)𝑞𝑟
(𝑍?̇? − 𝑋?̇?)𝑢𝑤 + (𝑁?̇? − 𝐾?̇?)𝑝𝑟








Drag is a hydrodynamic damping force caused by skin friction, potential damping, and 
vortex shedding [13]. There are two components of drag: linear and quadratic, and the overall drag 
D can be expressed as follows: 
𝑫(𝒗) = 𝑫𝒍𝒊𝒏𝒆𝒂𝒓 + 𝑫𝒒𝒖𝒂𝒅𝒓𝒂𝒕𝒊𝒄 (15) 
Where: 
𝑫𝒍𝒊𝒏𝒆𝒂𝒓 = 𝑑𝑖𝑎𝑔(𝑋𝑢, 𝑌𝑣, 𝑍𝑤 , 𝐾𝑝, 𝑀𝑞 , 𝑁𝑟) (16) 
𝑫𝒒𝒖𝒂𝒅𝒓𝒂𝒕𝒊𝒄 = 𝑑𝑖𝑎𝑔(𝑋𝑢|𝑢|, 𝑌𝑣|𝑣|, 𝑍𝑤|𝑤|, 𝐾𝑝|𝑝|, 𝑀𝑞|𝑞|, 𝑁𝑟|𝑟|) (17) 










𝑋𝑢 + 𝑋𝑢|𝑢||𝑢| 0 0 0 0 0
0 𝑌𝑣 + 𝑌𝑣|𝑣||𝑣| 0 0 0 0
0 0 𝑍𝑤 + 𝑍𝑤|𝑤||𝑤| 0 0 0
0 0 0 𝐾𝑃 + 𝐾𝑝|𝑝||𝑝| 0 0
0 0 0 0 𝑀𝑞 + 𝑀𝑞|𝑞||𝑞| 0





































Hydrostatic forces, referred to as “restoring forces” due to their similarity to the spring 
force in the spring-mass-damper system [13], consist of two forces: buoyancy and gravitational 
force (weight). 
As mentioned previously in this section, these two forces act on two points, the CB and 
CG, respectively.  They may or may not coincide with each other, depending on the physical 
vehicle design. For RexROV, from the simulation code, the CB location is at [0, 0, 0.3]T m with 
respect to the CG, placing them along the z-axis. 
Buoyancy is affected by the displacement of the vehicle. In the case of a fully submerged 
vehicle, which translates to the total volume of the vehicle.  The value was found in the simulation 
code. The formulae to calculate buoyancy and weight are shown in Equations (20) and (21). 
𝐵 = 𝜌𝑔𝑉 (20) 
𝑊 = 𝑚𝑔 (21) 
Where B is the buoyancy force, ρ is the density of water, g is the acceleration due to gravity, 
V is the volume displaced by the vehicle, W is the weight of the vehicle, and m is the mass of the 
vehicle. The summation of the two forces can be written as: 
𝒈(𝜼) = 𝒈𝟎 + 𝒈𝒃𝒖𝒐𝒚𝒂𝒏𝒄𝒚 (22) 
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Where zB is the z-axis distance of the CB to the CG. 
 
2.2.5. Actuator Forces and Disturbances 
The last category of effects in the dynamic model are the contribution of thrusters and 
disturbances. They can be modelled using the following equation in vector form: 
𝝉 = 𝝉𝒂𝒄𝒕𝒖𝒂𝒕𝒐𝒓 + 𝝉𝒘𝒊𝒏𝒅 + 𝝉𝒘𝒂𝒗𝒆𝒔 (24) 
Where τ is the overall actuator and disturbance force vector composed of the three 
components shown. The components of interest for this dynamic model are the actuator forces. 
As mentioned in Section 2.1, the RexROV submarine relies on its non-gimballed thrusters 
to orient and move itself. The position and orientation of the thrusters, without the submarine body, 
can be seen below in Figure 4, with the BODY frame marked. The CAD model below was done 
by the submarine research group on Creo, based on the location and orientation data from the 
UUVSim website [12]. Table 4 shows the thruster ID, their locations with respect to the CG, as 




Figure 4: Top View of RexROV Thrusters 
Table 4: RexROV Thruster Configuration 
Thruster 
ID 
Location w.r.t. CG (m) Orientation (deg) 
lx ly lz φ θ ψ 
0 -0.890895 0.334385 -0.528822 0 74.53 -53.21 
1 -0.890895 -0.334385 -0.528822 0 74.53 53.21 
2 0.890895 0.334385 -0.528822 0 105.47 53.21 
3 0.890895 -0.334385 -0.528822 0 105.47 -53.21 
4 -0.412125 0.505415 -0.129 0 0 45 
5 -0.412125 -0.505415 -0.129 0 0 -45 
6 0.412125 0.505415 -0.129 0 0 135 
7 0.412125 -0.505415 -0.129 0 0 -135 
 
The force and torque contribution of each thruster in the 6 DoF can be calculated using the 











































Based on the diagram, the thruster location, orientation, and the equation above, the 
following equations can be deduced for x, y, and z-axes as well as yaw (ψ). The reason that only 
4 DoF is shown is because the model will be simplified to 4 DoF in the next chapter: 
𝑇𝑥 = 𝑇0 cos(𝜃0) cos(𝜓0) + 𝑇1 cos(𝜃1) cos(𝜓1) + 𝑇2 cos(𝜃2) cos(𝜓2)
+ 𝑇3 cos(𝜃3) cos(𝜓3) + 𝑇4 cos(𝜓4) + 𝑇5 cos(𝜓5) + 𝑇6 cos(𝜓6)
+ 𝑇7cos (𝜓7) 
(26) 
𝑇𝑦 = 𝑇0 cos(𝜃0) sin(𝜓0) + 𝑇1 cos(𝜃1) sin(𝜓1) + 𝑇2 cos(𝜃2) sin(𝜓2)
+ 𝑇3 cos(𝜃3) sin(𝜓3) + 𝑇4 sin(𝜓4) + 𝑇5 sin(𝜓5) + 𝑇6 sin(𝜓6)
+ 𝑇7sin (𝜓7) 
(27) 
𝑇𝑧 = 𝑇0 sin(𝜃0) + 𝑇1 sin(𝜃1) + 𝑇2 sin(𝜃2) + 𝑇3 sin(𝜃3) (28) 
𝑇𝜓 = 𝑇0(𝑙𝑥0 sin(𝜓0) − 𝑙𝑦0 cos(𝜓0)) + 𝑇1(𝑙𝑥1 sin(𝜓1) − 𝑙𝑦1 cos(𝜓1))
+ 𝑇2(𝑙𝑥2 sin(𝜓2) − 𝑙𝑦2 cos(𝜓2)) + 𝑇3(𝑙𝑥3 sin(𝜓3) − 𝑙𝑦3 cos(𝜓3))
+ 𝑇4(𝑙𝑥4 sin(𝜓4) − 𝑙𝑦4 cos(𝜓4)) + 𝑇5(𝑙𝑥5 sin(𝜓5) − 𝑙𝑦5 cos(𝜓5))
+ 𝑇6(𝑙𝑥6 sin(𝜓6) − 𝑙𝑦6 cos(𝜓6)) + 𝑇7(𝑙𝑥7 sin(𝜓7) − 𝑙𝑦7 cos(𝜓7)) 
(29) 
It is important to note that angles θA and ψA in this case is different from the submarine 
body Euler angles. Rather, they denote the orientation of thruster A with respect to the xy-plane 
and z-axis respectively. Furthermore, some simplification has been done with regard to 0° 
orientation as sin(0°) = 0 and cos(0°) = 1. 
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In the simulator, the thrust value can be directly obtained by subscribing to each of the 
thruster nodes. Using the equations above, the net thrust and torque can be calculated for use in 
the dynamic model. 
However, for physical systems, there are several methods, both empirical and theoretical, 
in which the thrust generated can be calculated based on inputs to the control system or other 
known parameters of the thruster, such as revolutions per minute (RPM). For example, Garcia-
Valdovinos et al. obtained thruster outputs from a polyfit of a graph of control voltage vs thrust 
provided by the manufacturers of their Kaxan ROV [11]. Berg also conducted a physical test of 
the thrusters used in the SF 30k ROV to obtain an empirical relation between the RPM and the 
thrust coefficient, which was then used to compute thrust [10]. Aiki and Elund mapped the thruster 
output to a lookup control input table [9]. 
According to Fossen [13], the following generalized formula could be used to translate 
control input to thruster output: 
𝑭 = 𝒌𝒖 (30) 
Where F is the thruster output, k is the force coefficient, and u is the control input matrix. 
Fossen notes that for a thruster, the control input u is the pitch and RPM [13]. For RexROV, the 
pitch is fixed, as seen Table 4 above. Control is achieved solely relying on manipulation of RPM. 
However, since the work here is only concerned with post-processing of simulator data, the 
thruster effects are added into the other dynamic equation terms rather than being treated as a 
control input term. 
In Equation (2), the matrix representing the effects of wind and wave are shown. Since the 
vehicle is travelling underwater for operations, wind effects may be discounted. Berg also cited 
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that the SF 30k ROV was meant to be used in calm waters [10], and as such the effect of waves 
was also dropped. 
While Berg incorporates drag due to umbilical cable in his work [10], the model presented 
here does not account for that. This is because the umbilical cable is not part of the default 
RexROV package and the objective of the research is to eventually develop an untethered 
autonomous underwater system. Umbilical cables can be problematic if there are multiple vehicles 
present in the area as the cables from different vehicles might tangle with or cut each other, limiting 
maneuvering options and restricting the area of operation. 
 
2.2.6. Overall Dynamic Equation 
The full 6 DoF dynamic equation has been shown earlier in this chapter in Equation (2). 
And since it is assumed that there are no wind and wave effects, the terms τwind and τwave are 
neglected. After combining buoyancy and weight terms, the model can be simplified as the 
following: 
𝑴?̇? + 𝑪(𝒗)𝒗 + 𝑫(𝒗)𝒗 + 𝒈(𝜼) = 𝝉𝒂𝒄𝒕𝒖𝒂𝒕𝒐𝒓 (31) 
Where M, C(v), D(v), g(η), and τactuator are the matrices and vectors representing forces 
explained previously. Decomposing this into its components yields the following six equations 





) ((𝑋𝑢 + 𝑋𝑢|𝑢||𝑢|)𝑢 + (𝐵 − 𝑊) 𝑠𝑖𝑛(𝜃) + 𝑚(𝑟𝑣 − 𝑞𝑤) − 𝑌?̇?𝑟𝑣







) ((𝑌𝑣 + 𝑌𝑣|𝑣||𝑣|)𝑣 + (−(𝐵 − 𝑊))𝑠𝑖𝑛 (𝜙)𝑐𝑜𝑠 (𝜃) + 𝑚(𝑝𝑤 − 𝑟𝑢)





) ((𝑍𝑤 + 𝑍𝑤|𝑤||𝑤|)𝑤 + (−(𝐵 − 𝑊)) 𝑐𝑜𝑠(𝜃) 𝑐𝑜𝑠(𝜙) + 𝑚(𝑞𝑢 − 𝑝𝑣)





) ((𝐾𝑝 + 𝐾𝑝|𝑝||𝑝|)𝑝 − 𝑀?̇?𝑞𝑟 + 𝑁?̇?𝑞𝑟 + 𝑞𝑟(𝐼𝑦𝑦 − 𝐼𝑧𝑧) − 𝑋?̇?𝑢𝑣 + 𝑌?̇?𝑢𝑣





) ((𝑀𝑞 + 𝑀𝑞|𝑞||𝑞|)𝑞 + 𝐾?̇?𝑝𝑟 − 𝑁?̇?𝑝𝑟 + 𝑝𝑟(𝐼𝑧𝑧 − 𝐼𝑦𝑦) − 𝑋?̇?𝑢𝑣 + 𝑌?̇?𝑢𝑣





) ((𝑁𝑟 + 𝑁𝑟|𝑟||𝑟|)𝑟 − 𝐾?̇?𝑝𝑞 + 𝑀?̇?𝑝𝑞 + 𝑝𝑞(𝐼𝑥𝑥 − 𝐼𝑦𝑦) − 𝑋?̇?𝑢𝑣 + 𝑌?̇?𝑢𝑣
+ 𝑇𝜓) 
(37) 
These six equations will be simplified based on the RexROV configuration in Chapter 3 





2.3. OVERVIEW OF KALMAN FILTERS 
2.3.1. Kalman Filter 
A Kalman Filter is an iterative state estimator that uses prior states of a system, 
mathematical relations, and state measurements with Gaussian noise to predict its future state [14]. 
In the context of vehicle navigation, the state of interest is the vehicle position and pose. The 
dynamic model obtained in the previous section was used to predict the vehicle motion. 
The operation of a Kalman Filter can be divided into three stages: Initialization, Prediction, 
and Update, after which the cycle repeats. Shown below in Table 5 are the equations used for the 
Kalman Filter. 
The first step is initialization. In this step, the initial position and pose of the vehicle and 
its associated uncertainty is noted. For the simulations done for this research effort, the initial state 
used is the average of the second and third readings as it is found that the first reading of all states 
is always 0 regardless of the true value. After this, the prediction was made and the state was 
updated using Equations (38)-(44). 
Table 5: Discrete-Time Kalman Filter Equations 
Predict 
?̂?𝑘 = 𝑭𝑘𝒙𝑘−1 + 𝑩𝑘𝒖𝑘−1 (38) 
?̂?𝑘 = 𝑭𝑘𝑷𝑘−1𝑭𝑘
𝑇 + 𝑸𝑘 (39) 
Update 
𝒚𝑘 = 𝒛𝑘 − 𝑯𝑘?̂?𝑘 (40) 
𝑺𝑘 = 𝑯𝑘?̂?𝑘𝑯𝑘




𝒙𝑘 = 𝒙𝑘 + 𝑲𝑘𝒚𝑘 (43) 
𝑷𝑘 = (𝑰 − 𝑲𝑘𝑯𝑘)?̂?𝑘 (44) 
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Note that the notation used here is not the same as the ones used in the dynamics section: 
x is the state vector, F is the state transition matrix, B is the control input matrix, u is the input 
vector, P is the covariance matrix, Q is the process noise covariance matrix, z is measurement 
vector, H is the observation model, y is the residual, the difference between the predicted and 
measured value, S is the residual covariance, K is the Kalman gain, R is the measurement noise 
covariance, and I is the identity matrix. The subscripts k and k-1 are used to denote the current and 
the previous timestep, while the caret (^) symbol represents prediction vector or matrix. 
In the Predict step, a prediction of both the state vector and the covariance is made based 
on the state transition model, which in the case of this research this is the dynamic model. Then, 
measurement was made using the update sensors and the difference between the prediction and 
measurement is calculated. The Kalman gain is calculated based on the error in measurement and 
prediction and is used to determine whether the update should favor prediction or measurement. 
The filter then updates the state and its covariance before repeating the loop. 
A key assumption in the Kalman Filter is that the system is linear, as the filter was designed 
to work with a Gaussian error distribution.  The prediction and update equations are meant to be 
linear [14]. Non-linearity in the equations would lead to a non-Gaussian distribution output and 
the filter would fail. 
Another important concern with Kalman Filters is observability, meaning whether there 
are enough measurements to predict the system state [15]. There are two ways to ensure 
observability including having enough of a variety of sensors to measure all the states or to make 





2.3.2. Extended Kalman Filter and its Necessity 
The assumption of linearity for Kalman Filter is often not valid for engineering systems 
[14]. Non-linearities are commonly found in dynamic systems and their models. One simple and 
relevant example in marine vehicle is hydrodynamic drag, represented in the previous dynamic 
equation with a quadratic hydrodynamic damping term. This phenomenon arises as a body moves 
through water and opposes the motion of the object. Drag can be calculated using the following 
equation: 
𝐷 = 1 2⁄ 𝜌𝑣2𝐶𝐷𝐴 (45) 
Where D is the drag force, ρ is the density of water, v is the velocity of the fluid with 
respect to the body – in the case of a vehicle in calm waters like in the scenario used within the 
scope of this research, and is equivalent to the velocity of the vehicle, CD is the drag coefficient 
(represented in the dynamic equations above as either Xu|u|, Yv|v|, or Zw|w|, depending on the 
movement axis), and A is the reference area. As it can be seen, drag is proportional to the square 
of the velocity of the vehicle. And since drag is always present in any body moving through a fluid, 
it is integral to any dynamic model, making the model correspondingly non-linear. 
The Extended Kalman Filter (EKF) was invented to address this shortcoming. By taking 
the first derivative of a Taylor series expansion around the mean of the non-linear Gaussian, a non-
linear function may be approximated as linear [14]. For a multi-DoF system, this translates into 
computing the Jacobian of the transition function and the measurement model. 
The non-linear state prediction and measurement functions are represented in the following 





𝒙 = 𝑓(𝒙, 𝒖) (46) 
𝒛 = ℎ(𝒙) (47) 
As mentioned previously, due to the non-linearity of the system, the state transition 









The difference between the Kalman Filter and EKF schemes is summarized below in Table 
6 for the Predict and Update steps. In addition, the initialization step is the same for EKF as for 
the Kalman Filter. Since the equations used for both filters are similar, the EKF column is only 
populated where there are differences. 
Table 6: Comparison between Kalman Filter and EKF 
Kalman Filter EKF 
Predict 
?̂? = 𝑭𝒙 + 𝑩𝒖 ?̂? = 𝑓(𝒙, 𝒖) 
















𝒙 = ?̂? + 𝑲𝒚  
𝑷 = (𝑰 − 𝑲𝑯)?̂?  
 
The symbols used in the table above are similar to those used in the previous subsection 




CHAPTER 3: METHODS 
 
3.1. UUV SIMULATOR ENVIRONMENT 
As mentioned previously in Chapter 2, the UUVSim is an open-source underwater vehicle 
simulator based on ROS Gazebo. Some modifications were implemented in order to better suit its 
use for marine engineering; including adaptation of the software to the NED coordinate convention 
and adding effects, such as water current, that may be present in marine environments and affect 
the functioning of the vehicles [12]. Figure 5 below shows a screenshot of the UUVSim with a 
remotely operated RexROV vehicle deployed. 
 
Figure 5: UUVSim Screenshot with RexROV 
The RexROV is based on the SF 30k ROV [12], where the parameters were derived from 
the work of Berg [10]. Additionally, the SF 30k, pictured below in Figure 6, is also included as 




Figure 6: SF 30k/RexROV 2 AUV [12] 
As stated earlier, the UUVSim came with numerous sensor packages that can be used in 
the submarines. For this project, four sensors were used including compass, DVL, GPS, and IMU. 
The compass is part of the IMU and can provide heading (yaw) readings. 
The sensor data, as well as any other parameters from the simulator, can be obtained during 
simulation by subscribing to the relevant nodes. The readings can be exported into a .csv file for 
post-processing. Shown below in Figure 7 is an example of the data obtained from subscribing to 
the GPS node. The maneuver conducted for the simulation was performed using teleoperation, 
with an operator moving the submarine along all three axes and rotating it about the z-axis using 
an XBOX360 controller. 
 
Figure 7: Simulated GPS Readings from UUVSim 
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3.2. DYNAMIC MODEL OF REXROV 
A generic 6 DoF model was derived and shown in Section 2.2. While this model is valid 
for RexROV “as-is”, there are some simplifications that were made to both reduce the complexity 
of the model and its computational load compared to those used by Aiki, Elund [9], and Berg [10].  
This is deemed justifiable as while their works also concern system characterization, the primary 
objective of this work is to develop a prediction model that can make “close enough” motion 
prediction which can be augmented with the readings from sensors. As mentioned earlier, it was 
observed that due to the peculiarity of the vehicle configuration, the vehicle is effectively a 4 DoF 
system. 
3.2.1. Simplification to 4 Degrees-of-Freedom Dynamic Model 
Due to the configuration of the RexROV, it was observed that 2 DoF, namely pitch and 
roll, can be eliminated. This stems from both how the vertical thrusters that control those 
movements are arranged and the lack of a need to have those 2 DoF for operational use. 
Through testing the simulation using manual teleoperation, it was found that regardless of 
the control input, the torque about x- and y-axes are some value very close to 0, with the variation 
attributed to built-in Gaussian noise to prevent the value being 0. Likewise, the pitch and roll angle 
obtained from subscribing to the ground truth were also practically 0 regardless of the maneuver 
being executed. It was found that this was due to the four vertical thrusters (Thruster IDs 0 through 
3) programmed such that they generate equal thrust, resulting in no net pitching or rolling moment. 
Furthermore, it was noted by Berg that the SF 30k ROV, which was used to model the dynamics 
of RexROV, is stable in both roll and pitch [10]. 
In operational usage, there is also no need for the RexROV or similar vehicles to possess 
pitch and roll capability. The RexROV has a “cradle” in the bottom of the craft that could be used 
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to mount additional, mission-specific devices such as robot arms or cameras as noted in the 
UUVSim paper [12]. This cradle can be seen in the following simplified Computed-Aided Design 
(CAD) model of the vehicle, obtained from the UUVSim website [12], in which the thrusters and 
sensors were removed: 
 
Figure 8: Simplified CAD Model of RexROV Showing the Equipment Cradle 
Apparatus mounted on the cradle may be actuated independently from the vehicle, and thus 
may substitute for the lack of vehicle pitch or roll capabilities. This is consistent with operational 
pictures in which these vehicles are typically depicted being “upright” in water with pitch and roll 
angle of 0 degrees while conducting observations or repairs [16]. 
As a result, the assumption can be made that the vehicle does not pitch or roll, thereby 
reducing the model by 2 DoF. This means that φ and θ are always 0. Likewise, their corresponding 
velocity, p and q, and acceleration, ṗ and q̇, components are always 0. Cancelling those terms for 


















) ((𝑁𝑟 + 𝑁𝑟|𝑟||𝑟|)𝑟 − 𝑋?̇?𝑢𝑣 + 𝑌?̇?𝑢𝑣 + 𝑇𝜓) (53) 
These four equations are generalized to work with other vehicles with similar 
configurations as RexROV, such as the SF 30k ROV used by Berg [10]. Since the thruster terms 
are vehicle-specific, they are left unchanged here. 
It is important to note that this 4 DoF model is different from the one described by Fossen 
in his book [13]. The Fossen 4 DoF model is primarily applicable to surface vessels where there 
are surge (x), sway (y), and yaw (ψ) movements, but no heave (z) or pitch (θ) movements. In the 
4 DoF model, roll (φ) movement is added for the purpose of analyzing ship roll due to disturbances 
such as waves and wind. 
3.2.2. RexROV-Specific Dynamic Model 
By substituting the results obtained in Equations (26)-(29) into their respective thruster 




) ((𝑋𝑢 + 𝑋𝑢|𝑢||𝑢|)𝑢 + 𝑚𝑟𝑣 − 𝑌?̇?𝑟𝑣
+ 𝑇0 cos(𝜃0) cos(𝜓0) + 𝑇1 cos(𝜃1) cos(𝜓1) + 𝑇2 cos(𝜃2) cos(𝜓2)
+ 𝑇3 cos(𝜃3) cos(𝜓3) + 𝑇4 cos(𝜓4) + 𝑇5 cos(𝜓5) + 𝑇6 cos(𝜓6)







) ((𝑌𝑣 + 𝑌𝑣|𝑣||𝑣|)𝑣 − 𝑚𝑟𝑢 + 𝑋?̇?𝑟𝑢 + 𝑇0 cos(𝜃0) sin(𝜓0)
+ 𝑇1 cos(𝜃1) sin(𝜓1) + 𝑇2 cos(𝜃2) sin(𝜓2) + 𝑇3 cos(𝜃3) sin(𝜓3)





) ((𝑍𝑤 + 𝑍𝑤|𝑤||𝑤|)𝑤 + (−(𝐵 − 𝑊)) + 𝑇0 sin(𝜃0) + 𝑇1 sin(𝜃1)





) ((𝑁𝑟 + 𝑁𝑟|𝑟||𝑟|)𝑟 − 𝑋?̇?𝑢𝑣 + 𝑌?̇?𝑢𝑣 + 𝑇0(𝑙𝑥0 sin(𝜓0) − 𝑙𝑦0 cos(𝜓0))
+ 𝑇1(𝑙𝑥1 sin(𝜓1) − 𝑙𝑦1 cos(𝜓1)) + 𝑇2(𝑙𝑥2 sin(𝜓2) − 𝑙𝑦2 cos(𝜓2))
+ 𝑇3(𝑙𝑥3 sin(𝜓3) − 𝑙𝑦3 cos(𝜓3)) + 𝑇4(𝑙𝑥4 sin(𝜓4) − 𝑙𝑦4 cos(𝜓4))
+ 𝑇5(𝑙𝑥5 sin(𝜓5) − 𝑙𝑦5 cos(𝜓5)) + 𝑇6(𝑙𝑥6 sin(𝜓6) − 𝑙𝑦6 cos(𝜓6))
+ 𝑇7(𝑙𝑥7 sin(𝜓7) − 𝑙𝑦7 cos(𝜓7))) 
(57) 
Itis important to note that angle terms θA and ψA for the equations above are not submarine 
body Euler angles, but orientation of thruster A with respect to the xy-plane and z-axis 
respectively. These angles, as well as the moment arm of the thrusters can be found in Table 4 in 
the Actuator Forces subsection. 
 
3.3. IMPLEMENTATION OF EKF 
The theory behind EKF was discussed earlier in Section 2.3. In this implementation, the 
general formula still applies. As such, the equations presented in this section are only those that 
are different or are more specific than that in the general form. 
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The state of interest is the velocity of the vehicle. This is because the dynamic model 
presented earlier relates the forces and moments to linear and angular velocities. The position of 
the AUV can be calculated from the velocity using: 
𝒙 = 𝒗Δ𝑡 (58) 
Where x is the position vector, v is the velocity vector, and Δt is the timestep selected, 
which in this case is 0.1 s as the EKF is run at a constant frequency of 10 Hz. 
The state transition function was as follows: 





Where 𝐯 is the velocity vector and ?̇? is the following acceleration vector that is computed 
using the dynamic model shown in Equations (54)-(57). The subscripts k and k-1 indicate current 







The prediction for the covariance is the same as Equation (39), and the Jacobian F was 




























































































































The velocity values are obtained from DVL (for linear velocities) and IMU (for angular 
velocities) readings. The acceleration components are calculated using the dynamic model 
equations presented previously. 
 Before explaining the update step, it is important to elaborate about the sensors and how 
they are used for the EKF. Since the dynamic model relies on velocity measurements, then the 
prediction step would be made based on velocity readings from DVL and IMU to get linear and 
angular velocities respectively. The update is performed using the GPS and compass. Table 7 
shows the values obtained from each sensor. 
Table 7: Summary of Sensors Used 
Step Sensor Values Obtained 
Prediction DVL u, v, w (linear velocities) 
IMU r (angular velocity) 
Update GPS x, y, z (position) 




As a result of using the GPS and compass for the update step, the system would remain 
observable. This is because the two sensors would be able to directly measure the states of interest: 
position and pose. The GPS and compass in the simulator provide position and yaw angle directly, 
therefore no transformation is needed to convert the prediction into measurement. This results in 












𝑯 = 𝑰𝟒×𝟒 (71) 
As a result, the update equations can be simplified to: 
𝑺𝑘 = ?̂?𝑘 + 𝑹𝑘 (72) 
𝑲𝑘 = ?̂?𝑘𝑺𝑘
−1 (73) 
𝒙𝑘 = 𝒙𝑘 + 𝑲𝑘𝒚𝑘 (74) 
𝑷𝑘 = (𝑰 − 𝑲𝑘)?̂?𝑘 (75) 
By default, some of the UUVSim simulated sensors do not have noise as they are not based 
on actual devices. However, since noise is expected in operations, random Gaussian noise with the 
following parameters were used for various sensors: 
Table 8: Sensor Random Noise Values 
Sensor Mean, μ Standard Deviation, σ 
DVL (all 3 axes) 0 m/s 0.001 m/s 
GPS (all 3 axes) 0 m 0.05 m 
IMU (angular velocity) 0 rad/s 0.0003394 (rad/s) 




GPS noise was simulated to be ±5 cm, representing an operation with high-end GPS in 
which there is a base station (such as a ship or a command center) with known location that the 
AUV may use to compare its location to [17]. The IMU unit that supplies angular velocity and 
heading has a very small built-in noise that prevents the reading from being 0 in the simulation, 
and the values are listed above. DVL readings were not provided with noise, hence a value of 
±0.001 m/s was chosen based on Nortek DVL 1000-300m sensor [18]. The noise for the sensors 
discussed above yields the following Q and R covariance matrices: 
The process noise Q matrix is: 
𝑸 = [
0.001 0 0 0
0 0.001 0 0
0 0 0.001 0
0 0 0 3.394 × 10−4
] (76) 
While the measurement noise matrix R is: 
𝑹 = [
0.05 0 0 0
0 0.05 0 0
0 0 0.05 0
0 0 0 0.0314
] (77) 
The EKF implementation can be summarized with the flowchart below: 
 
Figure 9: EKF Overview Flowchart 
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3.4. TEST TRACK 
For testing, the RexROV vehicle was programmed to follow a right-angle triangular track 
20 m underwater with 10 m legs, repeating the pattern for five iterations. Proportional control was 
used to navigate the vehicle to each waypoint. The vehicle was deemed to have reached its 
waypoint if it was within 0.1 m of the target. After it reached a waypoint, the vehicle would execute 
the next maneuver command until the simulation was terminated by the user. 
In addition, the speed in which the vehicle was moving was limited to around 1 m/s.  This 
was due to both the low acceleration of the vehicle and to preserve the slow vehicle assumption 
that enables simplification of the hydrodynamic effect matrices mentioned earlier in Subsection 
2.2.3. It has also been observed that in practice, similar ROVs such as the SF 30k are not designed 
for fast travel underwater as their missions often involve station-keeping or observation. 
The method to create the controller was explained in the UUVSim website [12]. Figure 10 
below provides the diagram of the mission while Table 9 breaks down the maneuvers step-by-step 
as well as elaborating the expected state changes. 
 
Figure 10: Mission Overview Diagram 
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Table 9: Mission Description 
Step Movement Description Expected State Changes 
1 Move from Origin to Point 2 x 
2 At Point 2, rotate 270° clockwise about z-axis to 
face Point 3 
ψ 
3 Move from Point 2 to Point 3 y 
4 At Point 3, rotate 135° clockwise about z-axis to 
face Origin 
ψ 
5 Move from Point 3 to Origin x, y 
6 Repeat Step 1  
 
The reasons that this track was chosen are that it was simple to create and implement but 
was considered sufficient to demonstrate the filter working on all 4 DoFs of interest. As noted, it 
was expected that x, y, and ψ will change through the course. Although depth (z) was not expected 
change, it was important to maintain control over it as an imbalance between weight, buoyancy, 




CHAPTER 4: RESULTS 
 
In this section, the method of dead reckoning navigation is described and the result of its 
application to the RexROV simulation is shown. It is then compared to the results of the EKF 
implementation from Chapter 3 to see whether the EKF can be considered as a replacement for 
dead reckoning. In addition, preliminary result from another Kalman filter, the Unscented Kalman 
Filter, is shown at the end of this chapter. 
 
4.1. SIMPLE DEAD RECKONING NAVIGATION 
Initial work was performed conducting dead reckoning using only IMU readings. Dead 
reckoning is a method of navigation where the location of a vehicle from its origin is determined 
through numerical integration of its velocity or acceleration over time. The primary advantage of 
this method is that it is simple, requiring only one to several sensors to provide velocity or 
acceleration readings, a timer, and at least one reference point. Because of this, dead reckoning 
has been used in naval navigation throughout history, where the speed and compass heading of the 
vessel, taken at regular intervals, are used to approximate position [13]. 
In its simplest form, using velocity to determine position via trapezoidal integration, the 
following equations can be used: 




𝑥𝑖 = 𝑥𝑖−1 + Δ𝑥𝑖 (79) 
Where xi and xi-1 are the positions of the vehicle and vi and vi-1 are the velocities of the 
vehicle at times ti and ti-1 respectively. Repeating this process over the course of the vehicle 
movement history yields the approximate position of the vehicle. 
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However, dead reckoning is subject to accumulating error over time arising from the 
numerical integration process. Furthermore, it has no way of accounting for sources of 
uncertainties such as sensor noise or external disturbances, such as wind or ocean currents.  Dead 
reckoning does not include terms for forces or moments. For comparison purpose, dead reckoning 
was implemented for a simulated mission using the scheme described in Section 3.4. The following 
figure shows the comparison of the xy-plane track between the ground truth (GT) and dead 
reckoning position after the first loop. 
 
Figure 11: Dead Reckoning xy-Track Comparison 
The position is the difference between readings of the ground truth and dead reckoning 
values: 
𝒙𝒆𝒓𝒓𝒐𝒓 = 𝒙𝑫𝑹 − 𝒙𝑮𝑻 (80) 
Where xerror is the position error vector, xDR is the result of dead reckoning, and xGT is the 




Figure 12: Dead Reckoning Error for All Three Axes 
As predicted, the error with respect to the ground truth grows with time. Even within one 
loop, the depth error magnitude is as high as 7 m. While the magnitude of the x and y error is not 
as great as the depth, it is apparent from Figure 11 above that the submarine no longer ends its 
traversal within the 0.1 m radius required for it to execute the next loop. This result confirms the 
weakness of the dead reckoning approach. 
 
4.2. DYNAMIC EKF RESULTS 
The EKF described in Section 3.3 was implemented into the RexROV. The AUV as 
programmed to follow the triangular loop discussed in Section 3.4. The vehicle ground truth and 
filtered readings were published in a .csv file, from which the error was computed. Figure 13 below 
shows the top-view ground truth path of the vehicle as it executes the loop described in the 
preceding chapter. It is noted that the computation time for this data set of about 3,200 data points 




























































Figure 13: RexROV xy-Track During EKF Testing 
The next four figures show the comparison between the ground truth and the filtered 
velocity values: 
 


















Figure 15: Position Comparison for y-axis 
 




Figure 17: Heading Angle (ψ) Comparison 
From Figures Figure 15 and Figure 17, it is apparent that the filter did not predict sway 
movement and yaw angle well. It was found that the measurement for all three axis and yaw was 
generally close enough to the ground truth value that it resembled the ground truth plot with noise. 
As such, attention should be directed to the dynamic model prediction. Additional analysis was 
performed to compare ground truth and dynamic model predictions for the two movements. They 
are presented below in Figures Figure 18 and Figure 19. 
 




Figure 19: Yaw Prediction Error 
It was observed that the dynamic model has poor prediction for sway at the “return leg” as 
the submarine navigates from Point 3 to the origin. Heading prediction is seemingly lagging the 
ground truth value. However, the sway prediction for the first and second leg is generally accurate. 
Likewise, surge and heave predictions are close to the ground truth values. 
Another observation derived from the results was that the filter tended to be biased for the 
prediction model. This can be seen from filtered results, which closely matches the dynamic 
prediction in Figure 18. 
From these observations, the following can be deduced: 
1. There might be overlooked terms in the dynamic model which were eliminated during the 
simplification process when it should not have been. 
2. The Kalman gain put too much emphasis on the dynamic model over observation that it 
neglected instances where the measurement value should be trusted over the prediction. 
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It is expected that fixing at least one of these issues should make a functional EKF. If the 
Kalman gain could be modified, then the measurement may take over where the dynamic 
prediction falls short. Otherwise, if the dynamic model is accurate, then the current Kalman gain 
would allow for accurate prediction. 
 
4.3. ANALYSIS 
The EKF made based on a simplified dynamic model has been shown to work, albeit not 
under every condition. Yaw prediction is especially problematic, and this may indicate that there 
are more rotational dynamics terms that need to be considered in the model. However, the x- and 
z-axes predictions have been shown to work well. The depth prediction is notable as it did not face 
the divergence seen in the dead reckoning simulation. Furthermore, dead reckoning did not predict 
yaw values. While the EKF presented is not perfect, it has a mechanism in which measurements 
can be used to correct predictions. Furthermore, with the low computation time, the EKF scheme 
has been demonstrated to potentially feasible to execute for real-time navigation. 
It must be noted that the dynamic model presented here does not take into account water 
currents. During the simulation, the water current is asserted to be 0. There are existing models for 
currents [13] which may be integrated into the dynamic model in the future. 
One complication of using a dynamic model is the requirement to obtain all the required 
vehicle coefficients and parameters. Certain values, such as mass and physical dimensions, could 
be easily obtained through direct measurements. Others, such as moments of inertia, may be 
obtained through detailed CAD modelling of each component within the vehicle, as done by Berg 
for the SF 30k ROV [10]. However, other parameters such as linear and quadratic damping 
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coefficients, are harder to obtain and may require either computational fluid dynamics (CFD) 
methods or water testing. 
Works by Berg [10], and Aiki and Elund [9] explain some of the methods that can be used 
to get these values. In both cases, physical testing was used to determine certain dynamic 
coefficients. However, the process of obtaining these values is beyond the scope of this thesis. 
 
4.4. BEYOND EKF: UNSCENTED KALMAN FILTER 
One difficulty that was seen in implementing the EKF is the complexity of the dynamic 
model. Labbe noted that this may lead to difficulty in computing the Jacobian for the state 
transition matrix [14]. Wan and van der Merwe also noted that since the EKF uses a linear 
approximation by taking the first derivative of the Taylor Series expansion, the result from the 
EKF likewise should be treated as an approximation [19]. 
The Unscented Kalman Filter (UKF) has been proposed as an improvement over the EKF 
[19]. Instead of using only the mean point and approximating the system around it, the UKF 
algorithm uses multiple points around the mean called Sigma points. In their paper, Wan and van 
der Merwe demonstrated that the UKF prediction error is almost always lower than those obtained 
through EKF [19]. 
The AUV group on the AUVSL team has developed a prototype UKF for a highly 
simplified 1-dimensional dynamic model of the submarine in MATLAB/Simulink environment. 
The dynamic model is as follows: 
𝐹𝑛𝑒𝑡 = 𝑇 − 𝐷 (81) 
Where Fnet is the net force acting on the submarine, T is a constant thrust generated by a 
“magic thruster” (where the thruster is not modelled beyond producing thrust), and D is the 
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hydrodynamic drag. In this case, D only represents the quadratic damping and the equation for D 
can be seen in the Subsection 2.3.2 in Equation (45). Thrust in this case is a constant input force. 
All parameters were taken from the RexROV model along the BODY x-axis. 
The design of the filter is similar to the EKF mentioned above, using noisy sensors to 
predict velocity and from there computing the position. Shown below in Figure 20 is the result: 
 
Figure 20: 1-Dimensional Dynamic UKF Prototype Result 
Due to the oversimplified nature of the dynamic model, no valid comparison can be made 





CHAPTER 5: CONCLUSIONS 
 
A simplified, 4 DoF dynamic model for an AUV has been derived based on the works of 
Fossen [13]. This model was used in the prediction step of an EKF to compute the velocity of an 
AUV based on compass, DVL, GPS, and IMU readings. The EKF has been shown to work, but 
under restricted conditions and did not provide accurate measurements for certain sway 
movements and yaw angle but seem to have met the reduced computational complexity objective 
as it was able to filter 3,000 data points and generate predictions in about 2 seconds. Improvements 
to the current EKF scheme has been suggested in the preceding section, which should provide 
more accurate readings for both sway and yaw. 
The results presented here may be used as a foundational piece for future research. As 
noted earlier in the analysis section of the previous chapter, there is room for improvement to make 
a more robust EKF through incorporating current measurements into the dynamic model. Another 
area for immediate improvement is to design the filter to run closer to real-time. 
These two improvements would mean that the EKF could be used for practical 
applications. One idea would be to use it for station-keeping. A filter may be developed that could 
be used to calculate disturbances with the goal of keeping the AUV in a predetermined spot for an 
extended period in order for it to do work including repairs. 
As mentioned in the introduction chapter, one of the papers that inspired this thesis was the 
SONAR-based SLAM for underwater exploration by Romagos [1]. It is hoped that with a dynamic 
EKF, the accuracy of the vehicle movement prediction will be improved. 
There may be other methods to apply the EKF using different sensors. Currently, GPS is 
used as the AUV is assumed to be in shallow waters where GPS signal may penetrate. However, 
49 
 
this may not be practical for deep-water missions. Another approach, using some sort of 
localization beacon, may be an alternative. Research on this topic is currently being done in the 
AUVSL group for ground vehicle systems, and techniques from that research may be used to 
develop similar approaches for underwater vehicle. 
Another long-term topic of interest would be to use multiple vehicles within the same area 
of operation. As mentioned before, since the AUV does not use umbilical cables, it would be 
possible to operate more than one vehicle at a time without risking entangling or cutting each 
other’s cable. This opens potential for swarm exploration or cooperative work, in which the EKF 
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APPENDIX A: REXROV DYNAMIC MODEL COEFFICIENTS 
 
The following tables lists all the coefficients of the RexROV simulator vehicle. Most of 
these are from the works of Victor Berg in his thesis for the SF 30k ROV. They can be found in 
the files from the UUVSim Github website or in the UUVSim installation. Link to the main website 
(last accessed: November 14th 2019): https://github.com/uuvsimulator/uuv_simulator 
The following table shows the added mass and inertia due to the vehicle movement 
underwater. They are constant in the simulation. 
Table 10: Added Mass and Inertia Values 
Added Mass Value (kg) Added Inertia Value (kg/m2) 
Xu̇  779.79 Kṗ  534.9 
Yv̇  1,222 Mq̇  842.69 
Zẇ  3,959.9 Nṙ  224.32 
 
The following table shows the linear and quadratic damping coefficients. These values are 
also constant. 
Table 11: Linear and Quadratic Damping Coefficients 
Linear Term Value Quadratic Term Value 
Xu -74.82 Xu|u| -748.22 
Yv -69.48 Yv|v| -992.53 
Zw -782.4 Zw|w| -1,821.01 
Kp -268.8 Kp|p| -672 
Mq -309.77 Mq|q| -774.44 
Nr -105 Nr|r| -523.27 
 
Mass, physical dimensions, volume, mass and inertia additions due to translational and 
rotational movements, and damping coefficients may be found in this link (last accessed: 





Thruster configuration values presented in the Actuator Forces subsection may be found in 
the following link (last accessed November 14th, 2019): 
https://github.com/uuvsimulator/uuv_simulator/blob/master/uuv_descriptions/urdf/RexROV_act
uators.xacro 
By modifying the parameters mentioned above, the same codes could be used to conduct 
first-order simulation of other vehicles of similar configurations. 
